Introduction
Five classes of antibodies named IgM, IgD, IgG, IgA and IgE exist in humans and mice. While the function of IgM, IgG, IgA and IgE is relatively well known, the function of IgD has remained obscure since the discovery of IgD in 1965 [1, 2] . IgD is co-expressed with IgM on the surface of the majority of mature B cells before antigenic stimulation and functions as a transmembrane antigen receptor [3, 4] . However, secreted IgD also exists [1, 5] and plays an elusive function in blood, mucosal secretions and on the surface of innate immune effector cells such as basophils. In this article we review recent advances in our understanding of the regulation and function of IgD.
Evolutionary preservation of IgD
IgD was initially thought to be a recently evolved antibody class, because it was only detected in primates, mice, rats and dogs, but not guinea pigs, swine, cattle, sheep and frogs [6] . With the increasing availability of animal genome sequences and the rapid development of gene identification tools, the past 20 years has seen the discovery of IgD and its homologues and orthologues in more mammalian species as well as in cartilaginous fishes, bony fishes, frogs and reptiles [7] . The most primitive of these species are cartilaginous fishes, which populated our planet about 500 million years ago, when jawed vertebrates first appeared and the adaptive immune system first evolved. This implies that IgD is an ancestral antibody class that has remained preserved in most jawed vertebrates throughout evolution [8 ] . Hence, IgD should exert some important immune functions that may confer a specific survival advantage to the host.
Structural diversity of IgD
IgD exhibits much structural diversity throughout vertebrate evolution ( Figure 1) . B cells employ two strategies, including alternative RNA splicing and class switch recombination (CSR), to express IgD. Alternative splicing exists in all jawed vertebrates, including jawed fishes, while CSR is only found in higher vertebrates, from frogs to humans [9] . In fishes, the structure of the constant (C) region of IgD is highly diverse owing to various intragenic duplications of C d exons that can give rise to a large number of C d domains in the IgD molecule [6, 7] . Alternative splicing further increases IgD diversity by creating different splice variants [8 ,10-12] , perhaps to compensate for the lack of CSR. Interestingly, IgD molecules without antigen-binding variable (V) region have been detected in channel catfish, raising the possibility that C d exerts some form of 'innate' immune function [13 ] . IgD also exhibits structural diversity in mammals. Indeed, IgD from both human and non-human primates has three C d domains (UniProtKB/Swiss-Prot Database; URL: http://www.uniprot.org/uniprot/P01880), while IgD from rodents only has two C d domains (UniProtKB/Swiss-Prot Database; URL: http://www.uniprot.org/uniprot/P018801).
Interestingly, IgD from artiodactyls has three C domains consisting of a duplicated C m 1 domain that replaces a deleted C d 1 domain and two additional C d domains [14, 15] . This chimeric C m 1-C d structure is typical of fish IgD and may be needed by the H chains of IgD to covalently bind to light (L) chains through C m 1. [16] . One possibility is that a flexible T shape may help IgD to bind epitopes that have a low density on the surface of particulate antigens [17] . Of note, rodent IgD has a much shorter H region than human IgD, with a very different amino acid composition and only one N-linked glycan.
Structural differences in the H region may contribute to different functions of IgD in humans and mice. Human IgD seems to utilize O-linked glycans associated with the H region to bind a putative IgD receptor on the surface of activated T cells [18, 19] . Human IgD might further utilize the highly charged segment of its H region to interact with heparin and/or heparan sulphate proteoglycans expressed on the surface and in the granules of basophils and mast cells [7] . In all jawed vertebrates, an additional layer of structural diversity is generated by alternative splicing to create various transmembrane and secreted forms of IgD [7] . The reason underlying the structural diversity of IgD in evolution is that IgD may have been selected as a structurally flexible locus to complement the function of IgM [6, 11] . One possibility is that the presence of IgD may ensure the preservation of essential immune functions in case of IgM defects, and the flexibility of IgD may provide additional immune functions in a speciesspecific manner.
IgD expression through alternative splicing
While IgM is first expressed by pre-B cells, IgD emerges later during B cell ontogeny, being mostly expressed at the transitional and mature B cell stage, at least in rodents and primates [6, 7] . In most vertebrates, mature naive IgM 
IgD expression through class switching
In humans, a small subset of B cells express IgD but not IgM after undergoing an unconventional form of CSR [23 ,24] . These IgM À IgD + B cells are found in the circulation as well as in tonsils, nasal cavities, lachrymal glands and salivary glands, [7, 25] , but are rarely detected in non-respiratory mucosal districts. The specific topography of IgM À IgD + B cells may result from the expression of tissue homing receptors that do not favor colonization of extra-respiratory mucosal sites such as the intestine [26] . Interestingly, IgM À IgD + B cells are also found in channel catfish [13 ] , but are not generated through IgM-to-IgD CSR. Indeed, although expressing a CSR-competent activation-induced cytidine deaminase (AID) molecule [27] , catfish B cells seem to lack recognizable switch (S) regions [10, 13 ] S regions are highly repetitive intronic DNA sequences with G-rich non-template strands that precede each C m , C g , C a and C e gene and guide the process of CSR [28, 29] . Upstream of each S region, there is a promoter associated with a short intronic (I) exon that mediates germline transcription [28, 29] . While germline transcription of C m occurs in a constitutive manner, germline transcription of C g , C a and C e occurs after exposure of B cells to specific cytokines [28, 29] . Germline transcription is crucial for CSR, as it renders the targeted S region substrate of AID, a DNA-editing enzyme essential for CSR [28] [29] [30] . Germline transcription of a given C X gene yields a primary I X -S X -C X transcript that is later spliced to form a secondary non-coding germline I X -C X transcript [28, 29] . The primary transcript physically associates with the template strand of the S region DNA to form a stable DNA-RNA hybrid [28, 29] . Such a structure generates R loops, in which the displaced non-template strand exists as a Grich single-stranded DNA [28, 29] . AID deaminates cytosine residues on both strands of S region DNA, thereby generating multiple DNA lesions that are ultimately processed into double-stranded DNA breaks [28, 29] . Fusion of double-stranded DNA breaks at donor and acceptor S X regions through the non-homologous endjoining pathway induces looping-out deletion of the intervening DNA, thereby juxtaposing the recombined V H DJ H exon encoding the antigen-binding V H region of the rearranging Ig molecule to a new C X gene [28, 29] .
Unlike C m , C g , C a and C e genes, the C d gene is not preceded by a canonical S region [28, 29] , which initially led to the idea that the genesis of IgM À IgD + B cells does not involve CSR. However, a short, repetitive, G-rich intronic region called sd lies between C m and C d genes in both human and cow IgH loci and functions as a cryptic acceptor site for the donor S m region to mediate nonhomologous IgM-to-IgD CSR [7,23 ,24,31] . Additional studies found two identical, short intronic I m and S m regions upstream and downstream of C m in human and mouse IgH loci that might mediate homologous IgM-toIgD CSR [32] . [40, 41] . Interestingly, also the C region of catfish IgD might have innate antigen-binding properties, which may explain why in these animals the secreted form of IgD lacks an antigen-binding V region due to direct splicing of a leader exon to the C d 1 domain [13 ] .
Signals capable of inducing IgM-to-IgD CSR include CD40 ligand (CD40L), a tumor necrosis factor (TNF) family ligand expressed by CD4 + T helper cells and required for B cell responses to T cell-dependent (TD) antigens, as well as B-cell activation factor of the TNF family (BAFF) and a proliferation-inducing ligand (APRIL) (Figure 2) , two CD40L-related factors released by innate immune cells and involved in B cell responses to T cell-independent (TI) antigens [7, 23 ] [35, 37, 45] . These B cells also express auto (poly) reactive IgD, which may lead to anergy through tolerogenic mechanisms [35, 37, 45] . Furthermore, transgenic mice ubiquitously expressing a cell surface superantigen that reacts with IgD show an arrest of B cell development at the immature stage [46] , which clearly correlates with the commencement of membrane IgD expression at this stage. However, other seemingly contradicting findings show that IgD may actually protect B cells from tolerance [47, 48] . Of note, the H chain of IgM is essential for the formation of the pre-B cell receptor, while the H chain of IgD is not [49 ] , arguing against the old observation that IgD can substitute the function of IgM in B cell development [50] .
These discrepancies may result from differences in the types of B cells and antigenic stimulations used, as the outcome of IgD signaling may be influenced by the maturation status of the B cell and the strength of the antigenic stimulus.
In general, the abundance of IgM À IgD + B cells in the upper respiratory mucosa [23 ,25] and the fact that secreted IgD binds microbial virulence factors as well as pathogenic respiratory bacteria and viruses [7] support the notion that secreted IgD enhances mucosal immunity. Consistent with this possibility, patients suffering from selective IgA deficiency have markedly increased numbers of IgD-producing B cells in their respiratory mucosa [25] . In addition to binding antigen through both conventional V-mediated and unconventional C dmediated mechanisms, secreted IgD activates an as yet unknown receptor on various innate immune cells. Early studies show that IgD binds to both myeloid cells and T cells [7] . More recent observations show that IgD binds to basophils, mast cells and, albeit to a lesser extent, monocytes, neutrophils and myeloid dendritic cells through a receptor distinct from IgG, IgA or IgE receptors [23 , [51] [52] [53] . The binding of IgD to basophils is evolutionarily conserved as IgD also binds a basophil-like subset of granulocytes in catfish [23 ] . Cross-linking of IgD induces basophil production of immunoactivating cytokines such as IL-4, IL-13 and BAFF, proinflammatory cytokines such as TNF and IL-1 b , and chemokines such as IL-8 and CXC chemokine ligand 10 (CXCL10) [23 ] . Of note, production of BAFF (a mandatory B cell survival factor) and IL-4 (an IgG1-and IgE-inducing factor) by basophils in response to IgD cross-linking would be consistent with the development of peripheral B cell depletion, reduced serum IgE levels and impaired TD IgG1 production in mice lacking IgD [7, 54, 55] . Of note, IgD cross-linking triggers basophil release of antimicrobial factors such as cathelicidin [23 ] , suggesting that IgD also prompts basophils to participate directly in antimicrobial immunity. the ongoing inflammatory reaction. Periodic feveraphthous stomatitis-pharyngitis-adenitis (PFAPA) syndrome is another autoinflammatory disorder that causes periodic fever and aseptic mucosal inflammation together with elevated serum IgD, increased circulating and mucosal IgM À IgD + B cells, and enhanced mucosal IgD-armed basophils [23 ] . The pathogenesis of PFAPA syndrome is unknown and therefore it is unclear whether dysregulated IgD production in this syndrome is a cause or rather an effect of the inflammatory reaction.
Conclusions
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À
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+ B cells originate in the human upper respiratory mucosa from both TD and TI pathways involving CD40L, BAFF and APRIL [7, 23 ]. These mediators are not specific to the respiratory tract, suggesting the involvement of additional factors in the topography of IgM À IgD + B cells. One possibility is that naturally polyreactive and l L chain-expressing precursors of IgM
À
IgD
+ B cells preferentially home to the respiratory mucosa from the bone marrow. Such precursors may have an IgH locus 'geared' to undergo IgM-to-IgD CSR and further increase their polyreactivity by undergoing SHM in mucosal follicles. SHM may also generate IgD molecules with more specific reactivity against respiratory commensals and pathogens [7] . Secretion of IgD by plasmacytoid IgM À IgD + B cells would then lead to the binding of IgD to an as yet unknown IgD receptor on mucosal and circulating myeloid cells, including basophils [23 ] . In this manner, IgD may educate the innate immune system as to the antigenic composition of the upper respiratory tract, thereby enhancing local and systemic surveillance against airborne pathogens. The seemingly conserved nature of this and other immune functions of IgD from fish to humans further supports the notion that IgD is part of an ancestral surveillance system involving microbial sensing and immune activation [13 ,23 ] . A dysregulation of this system may contribute to the pathogenesis of inflammation as seen in autoinflammatory disorders associated with hyper-IgD production. Further immunological characterization of these disorders as well as IgD deficient mice [54, 55] and MvK heterozygous deficient mice [57 ] should yield more insights into the function of IgD in immunity and homeostasis. 
